Brucellosis is a worldwide zoonotic disease that often requires serology for diagnosis. The serum agglutination test is the gold standard assay, but ELISAs are used by many laboratories. Many commercial ELISAs are available, but few studies have compared their performance. This study compared the ability of four commercially available ELISA kits (from Bio-Quant, ImmunoBiological Laboratories -America, Vircell and Euroimmun) to diagnose brucellosis in patients from Egypt and the USA. The sensitivities for all kits tested, except the Vircell kit, were .90 %, whilst the specificities were variable, with the Bio-Quant assay having a specificity of ,40 %. Detection of IgG antibody was more sensitive than detection of IgM antibody for diagnosing brucellosis cases, but the specificity was comparable. Overall, there was good agreement between all of the kits except for the Bio-Quant kit. None of the diagnostic assays was 100 % reliable for diagnosing brucellosis; therefore, serology results need to be considered in tandem with patient history, clinical signs and other test results.
INTRODUCTION
Brucellosis is a zoonotic disease that is found worldwide and is usually caused by one of four species of Brucella (Brucella abortus, Brucella melitensis, Brucella suis and Brucella canis), which can be transmitted to humans from cattle, goats and sheep, swine and dogs, respectively (Al Dahouk et al., 2003; Young, 1995) . Clinical signs of brucellosis in humans are non-specific, and routine laboratory tests are not able to diagnose the disease. Instead, specific testing for Brucella is required for diagnosis by demonstration of the organism or of antiBrucella antibodies (Araj, 1999; Young & Corbel, 1989; Young, 1995) . There are many serological methods that can be used for the detection of antibodies to diagnose brucellosis, such as a serum agglutination test (SAT), Rose Bengal test, complement fixation, indirect Coombs' test and ELISAs. The SAT can be run as either a serum tube agglutination test (STA) or microplate serum agglutination test (MAT). It is the most popular diagnostic assay and the gold standard assay of comparison for other serological tests (Al Dahouk et al., 2003; Araj, 1999; Pappas et al., 2005; Young, 1995) . The SAT is considered the best serological assay for diagnosing acute, uncomplicated cases, but it can yield false positives in chronic or complicated cases and can also be time-consuming for running large numbers of samples (Al Dahouk et al., 2003; Araj, 1999) . ELISAs can overcome some of the negative aspects of the SAT (Pappas et al., 2005) . The reported sensitivity and specificity of ELISAs varies in the literature and can be influenced by the individual assay used and the location of the study (Al Dahouk et al., 2003; Araj, 1999) . In the USA, commercial diagnostic laboratories rely on ELISA kits, and confidence in results from different commercial laboratories can be challenging due to the use of the different ELISA kits and the lack of published studies comparing kits. The purpose of this study was to compare the ability of four commercially available IgG and IgM ELISA kits to diagnose brucellosis using sera from patients in Egypt and the USA.
appropriate antibody response against a Brucella spp. or (ii) culture negative but with the presence of high antibody titres or seroconversion. An STA was originally run on all samples with a cut-off titre of ¢160 for positive results and 20-80 for borderline results, with ,20 considered negative for samples from the USA. Samples from Egypt with a titre of ¢320 were considered positive and with a titre of ,320 were considered negative (Al Dahouk et al., 2003) . All serum samples were retested at the Centers for Disease Control and Prevention (CDC) with a MAT to confirm the original tube agglutination results.
Samples from the USA were collected during an outbreak of brucellosis that occurred at a meatpacking plant in Iowa (Buchanan & Faber, 1980) . A total of 119 case-patients were included from this outbreak. Of the 119 case-patients, 93 were originally diagnosed through serology, and the remaining 26 case-patients were positive by both serology and culture for brucellosis. B. abortus was cultured from 24 of the patients and B. suis from 2 patients. The mean time between acute and convalescent samples was 143 days (SD579 days).
Samples from Egypt were collected during an acute febrile illness (AFI) surveillance study (Afifi et al., 2005) . There was a total of 67 case-patients from Egypt, 37 diagnosed through serology, and the remaining 30 case-patients being both serologically positive and culture positive for B. melitensis. The mean time between acute and convalescent samples was 153 days (SD540 days).
Control sera. A total of 183 single control specimens were obtained from healthy controls and patients in the USA and Egypt. Of the 183 control specimens, 87 were from healthy controls (USA and Egypt) and 50 were from patients with AFI of unknown origin (Egypt) (Afifi et al., 2005) . AFI patients were culture negative for Brucella spp. and serologically negative when tested with SAT initially. As with the case sera, all serum samples were retested at the CDC with the MAT to confirm the original results. The remaining 46 samples were from patients in the USA and Egypt confirmed with diseases caused by the following aetiological agents: Escherichia coli O157 (n56), Vibrio cholerae (n55), Francisella tularensis (n55), Salmonella enterica serovar Typhi (n510), Rickettsia typhi (n510) and Leptospira interrogans (n510).
MAT. Serum samples were tested at the CDC by MAT, the gold standard for serological diagnosis at the CDC (Brown et al., 1981) , with minor modifications including the use of U-bottomed plates, incubation at 28 uC and discontinued use of safranin. The results were interpreted as described for the STA.
Commercial ELISA kits. All testing was performed at the CDC. The following kits were evaluated in this study: Bio-Quant Brucella IgM ELISA and IgG ELISA, Immuno-Biological Laboratories (IBL) -America Brucella IgM ELISA and IgG ELISA, Vircell Brucella ELISA IgM and ELISA IgG, and Euroimmun anti-Brucella abortus IgM ELISA and IgG ELISA. ELISA kits were run and interpreted according to the manufacturers' procedures and recommendations. The choice of ELISA kits tested in this study does not reflect endorsement by the CDC.
Data analysis. Sensitivity and specificity values were calculated for the IgG and IgM tests separately and together. For the combined IgM and IgG sensitivity and specificity calculations, test results were interpreted as follows: positive, if one or both of IgG or IgM was positive; borderline, if both IgG and IgM were borderline, or one was borderline and the other negative; and negative, if both IgG and IgM were negative. Unless otherwise stated, discussions of sensitivity and specificity data refer to the combined (IgM+IgG) sensitivity and specificity results. Confidence intervals (CIs) were also calculated using the standard normal distribution for proportions. Student's ttest was used to determine whether there was a significant difference in the time between acute and convalescent samples for samples from case-patients in Egypt and the USA, and P,0.05 was considered to be statistically significant. The k value was calculated to measure the degree of agreement between any two assays in classifying an individual sample correctly. A k value of ¢0.75 indicated excellent agreement between assays, whilst a value of ,0.40 indicated poor agreement (Bajani et al., 2003; Fleiss, 1981; Sim & Wright, 2005) .
RESULTS AND DISCUSSION
Sensitivity and specificity of ELISA kits (IgM and IgG combined)
Three of the four commercial ELISA kits were highly sensitive, ranging from 98.5 to 100 % when looking at paired sera (Table 1 ). The Vircell ELISA kit performed well on sera from Egypt, with a sensitivity of .95 % for paired and acute-phase sera, but with a low sensitivity for paired (79.0 %), acute-phase (72.3 %) and convalescent (70.6 %) sera from patients in the USA (Table 1) . We observed a .99.0 % sensitivity for paired sera with the IBL kit in our study, whilst another study conducted by Cakan et al. (2008) reported the IBL kit to have a 93.1 % sensitivity when testing samples from Turkey.
The sensitivity of the ELISA kits for convalescent-phase sera from patients in Egypt, ranging from 85.1 to 100 %, was higher than the sensitivity of the MAT (65.7 %) ( Table  1) . Similar results were seen with convalescent-phase samples from patients in the USA, with all kits except the Vircell ELISA being more sensitive than the MAT (Table  1) . These results corroborate other reports that ELISAs are better at detecting subacute and chronic brucellosis than the MAT because agglutination tests have the potential for negative results much sooner after infection compared with ELISAs, especially those detecting IgG (Al Dahouk et al., 2003; Araj et al., 1986a; Gotuzzo et al., 1986; Young & Corbel, 1989) . We also found increased variation between the sensitivities of the kits when comparing convalescentphase sera from patients in Egypt versus the USA (Table 1) . The MAT, IBL and Euroimmun ELISA kits were less sensitive when testing convalescent sera from Egypt, whilst the Vircell kit was more sensitive when testing convalescent samples from Egypt (P,0.05). Timing from when acute and convalescent samples were taken was not found to be statistically significant (P50.29), as the mean number of days was 153 for sampling of patients from Egypt and 143 for sampling of patients from the USA. One potential explanation for the higher sensitivity of convalescent samples from the USA could be because these samples were from patients with occupational exposure who may have experienced continued exposure if they were still working, prolonging the production of antibody (Al Dahouk et al., 2003) .
The specificities of the commercial ELISA kits were higher when testing samples from Egypt compared with the USA, but the difference in performance was only statistically significant for the Bio-Quant kit (Table 1) . For sera from Egypt, the specificities of the ELISA kits ranged from 34.5 % (Bio-Quant) to 98.6 % (IBL and Vircell), with all of the kits except the Bio-Quant kit having a specificity of .80 % (Table 1) . A study conducted by Cakan et al. (2008) reported a specificity of 98.2 % for the IBL ELISA, similar to what was found in this study. For samples from the USA, the specificities of the commercial ELISA kits were highly variable, ranging from 10.5 % (Bio-Quant) to 97.4 % (IBL and Vircell) ( Table 1) .
The results for cross-reactivity of the assays tested can be seen in Table 2 . Of the patients with a confirmed diagnosis, cross-reactivity was most commonly seen when testing samples from patients with E. coli O157 (Table 2) . When testing undiagnosed AFI sera, neither the IBL nor the Vircell kit had any false-positive results, whilst 64.0 % of the Bio-Quant results were false positives ( Table 2 ). The IBL, Vircell and Euroimmun ELISA kits had false-positive reactions to ,10 % of the sera tested from healthy patients, with the Bio-Quant ELISA reacting to 71.3 % of the samples (Table 2) . Over 70 % of samples tested with the Bio-Quant ELISA kits had false-positive reactions, with all specimen categories being represented ( Table 2 ). The Euroimmun ELISA kits were cross-reactive with 12.0 % of the samples tested, with false-positive reactions being seen with sera from patients in all of the categories tested except for L. interrogans (Table 2 ). Both the IBL and Vircell ELISA kits showed minimal cross-reactivity (Table 2) .
Potential explanations for variable and low sensitivity and/ or specificity for the various kits could be human error in testing or data input, bias of sample selection, sample size, misdiagnosis of original disease or co-infection, and variation among the reagents used for making the kits. The Bio-Quant ELISA showed very low specificities for both Egypt (34.5 %) and the USA (10.5 %); however, the ELISA was 100 and 99.2 % sensitive for paired samples from patients from Egypt and the USA, respectively (Table  1) , suggesting the kits may be sacrificing specificity in order to be highly sensitive. When testing sera from 87 healthy individuals using the Bio-Quant ELISA, 71.3 % (n562) of the samples were found to be borderline or positive, much higher than with any of the other assays tested (Table 2) . Of the 22 serum samples collected from healthy persons in the USA, 19 (86.4 %) were borderline or positive, and 43 of the 65 serum samples (66.2 %) from healthy persons in Egypt were borderline or positive (data not shown). These results showed that the positive results seen with the Bio-Quant ELISA were not likely to be the result of residual antibodies present after previous infections in persons living in a country such as Egypt that is highly endemic for brucellosis. Another factor that may have influenced the specificity of assays when testing samples from the USA was that the sample size was much smaller than for Egypt (38 and 145, respectively) (Table 1) . Additionally, we only had sera available from Egypt for testing patients with AFI of unknown origin (Table 2 ).
There is no standardization of reagents that are used in ELISAs for detecting anti-Brucella antibodies in humans, and the type and quality of reagents can have a large effect on the performance of an assay (Al Dahouk et al., 2003; Araj et al., 1990) . The IBL and Euroimmun ELISA kits use a bacterial lysate of B. abortus strain W99 as the antigen. The IBL ELISA kits had a specificity of .97 % for sera tested from both Egypt and the USA, whilst the Euroimmun kits had a lower specificity for the samples from Egypt (89.7 %) and the USA (81.6 %) ( Table 1) . Although the Vircell ELISA kits use a different antigen from the IBL kits (LPS of B. abortus strain S-99), they had the same specificity as the IBL kits for sera tested from both 
Comparison of ELISA kits for diagnosing brucellosis
Egypt and the USA, although they had a lower sensitivity (Table 1 ). The Bio-Quant kits, with the lowest specificity of all kits evaluated, use B. abortus outer membrane (strain not identified) as the antigen, which consists primarily of LPS and outer-membrane proteins (Young & Corbel, 1989) . Several studies have shown that serology assays using LPS as the antigen have the potential to cross-react with other bacteria, reducing the specificity of the assay (Mantecó n et al., 2006), whilst others state that assays using LPS should have better specificity (Sharma et al., 2008) . For serological assays that use whole cells as their antigen, LPS is also very important for detecting antibody, and all the kits had LPS purified or as part of the whole cell. This suggests that the manner in which the antigen is handled may have an influence on assay performance (Mantecó n et al., 2006; Young & Corbel, 1989) .
Sensitivity and specificity of IgM and IgG ELISA kits
In addition to determining the sensitivity and specificity of the combined results of the IgM and IgG ELISA kits, we determined the sensitivity and specificity of the IgM and IgG ELISA kits individually for each of the manufacturers. Detection of the IgG antibody class was found to be more sensitive (P,0.05) than IgM detection when using paired, acute or convalescent sera, with a statistically significant difference for all ELISA kits except for those from Euroimmun (paired and acute-phase sera) and Vircell (acute-phase sera) (Table 3) . When testing acute-phase sera, the Euroimmun IgM ELISA was found to be more sensitive than the IgG ELISA (Table 3 ). The specificities of the IgM versus IgG kits were comparable for the IBL and Vircell kits; however, there was a statistically significant difference (P,0.05) between the IgM and IgG specificities for the Bio-Quant and Euroimmun kits (Table 3 ). The BioQuant ELISA had a higher specificity when detecting the IgM antibody class, whilst the Euroimmun kit had a higher specificity when detecting the IgG antibody class (Table 3) . The specificity for the IgG antibody class ranged between 44.8 % (Bio-Quant) and 100 % (Vircell), and for the IgM antibody class between 69.4 % (Bio-Quant) and 99.5 % (IBL) ( Table 3 ).
The higher sensitivity of IgG ELISA compared with IgM ELISA found in the current study has been demonstrated by Mantecó n et al. (2006) . IgM antibodies are produced in the first week after infection and IgG antibodies increase during the second week, whilst symptoms of disease can occur after 2-3 weeks, and both IgM and IgG classes peak about 1 month after infection (Al Dahouk et al., 2003) . IgG antibodies are also considered to be a better indicator of active brucellosis infection than IgM, because IgM persists in the absence of clinical signs, whilst IgG is present only in symptomatic cases (Buchanan & Faber, 1980) . The titres for IgM and IgG for all case-patients were already elevated in acute-phase samples, suggesting that an immune reaction had already been mounted. This has been seen in other studies in patients with both acute and subacute brucellosis (Araj et al., 1986a (Araj et al., , 1990 . The higher sensitivity of the IgG ELISA kits in the USA could be explained by the fact that these individuals were abattoir workers who may Table 2 . Cross-reactivity of six Brucella serology assays with serum specimens from patients in Egypt and the USA who were previously diagnosed with AFI of unknown origin or other infections
Results for the ELISA kits were considered positive if one or both IgG/IgM was positive, borderline if both IgG/IgM were borderline or one was borderline and the other negative, and negative if both IgG/IgM were negative. have had elevated IgG levels due to a continued occupational exposure to Brucella species (Al Dahouk et al., 2003) . Other studies support the findings that IgG is significantly more sensitive than IgM for convalescentphase samples due to the fact that IgM levels decrease faster than IgG levels (Mantecó n et al. , 2006; Marrodan et al., 2001) .
Category

Agreement between assays
Despite the variability in sensitivity and specificity, three of the four ELISA kits (IBL, Vircell and Euroimmun) tested had good agreement with the MAT results and with each other, evidenced by k values of ¢0.75 (Table 4) . The MAT and IBL ELISA kit showed the greatest agreement, with a k correlation of 0.95 (95 % CI 0.92-0.97; Table 4 ). The BioQuant ELISA kit showed poor agreement with all assays tested, with k values ranging between 0.32 and 0.37 (Table  4) , and was the only ELISA in this study that used outer membrane as its source of antigen. The Bio-Quant kit had a high sensitivity in this study, but the low specificity resulted in the low correlation in comparison with the other assays.
Practical and economic comparisons of the assays
In addition to the good agreement between the results of the commercial ELISA kits, they each required similar serum volumes (10-20 ml) and less time (2.5-3.5 h) to complete the assay than the MAT (Table 5 ). The commercial ELISA kits ranged in price from £2.21 to 4.68 (US$3.40 to 7.20) per sample, with the IBL kit being the most expensive kit (Table 5) .
Conclusions
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